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Abstract 

The b ^ s penguin amplitude affects a number of B meson decays to two pseu¬ 
doscalar (P) mesons in which potential anomalies are being watched carefully, though 
none has yet reached a statistically compelling level. These include (a) a sum of rates 
for P° —> A°7r° and B^ enhanced relative to half the sum for B^ K~^n~ 

and B~^ —>■ (b) a time-dependent CP asymmetry parameter S for P° —> 

which is low in comparison with the expected value of sin 2/? ~ 0.73, and (c) a similar 
deviation in the parameter S for P° — p'Ks- These and related phenomena involv¬ 
ing vector mesons in the hnal state are discussed in a unihed way in and beyond the 
Standard Model. Future experiments which would conclusively indicate the presence 
of new physics are identihed. Several of these involve decays of the strange B meson 
Bg. In the Standard Model we prove an approximate sum rule for CP rate differences 
in P° — B^ —> and P° —iP°7r°, predicting a negative sign for the 

latter asymmetry. 

PACS numbers: 13.25.Hw, 11.30.Cp, 12.15.Ji, 14.40.Nd 
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I. INTRODUCTION 


The decays of B mesons to final states consisting of mesons with m, d, and s 
quarks are rich sources of information on the phases and magnitudes of elements of 
the Cabibbo-Kobayashi-Maskawa (CKM) matrix and on possible physics beyond the 
Standard Model. Many of these decays are dominated by an amplitude in which a 
b quark undergoes a virtual transition through an intermediate state of a W~ and 
a quark with charge 2/3 {u, c, or t) to a strange quark s. This transition does not 
occur in vacuum, being eliminated by renormalization, but can occur in the presence 
of the chromoelectric held. Such a transition is known as a 6 —»• s penguin amplitude 

m 

The 6 —>■ s penguin amplitude has turned out to be signihcant in many B meson 
decays. It is responsible for branching ratios for B ^ Kti decays of order 1 to 
2 X 10“^, depending on whether the pion is neutral or charged. It also leads to large 
branching ratios for B —^ Kt]' ~ 7 x 10“^. Several potential anomalies in these modes 
have attracted attention, including a sum of rates for B^ —>■ and B~^ 

slightly enhanced with respect to that expected from the sum for B^ K^'k~ and 
B^ —>■ a time-dependent asymmetry parameter S for B^ decay which 

is low with respect to the expected value of sin 2/3 ~ 0.73, and similar discrepancies 
in S for the decays B^ and B^ —>• (j)Ks. 

In the present paper we discuss a framework for describing new physics in the 
b ^ s penguin amplitude. We review the evidence for possible discrepancies from the 
standard picture and indicate ways in which these discrepancies, if they exist, can be 
sharpened and correlated with other observations. We also attempt to estimate the 
experimental accuracies which would permit conclusive identification of new physics. 
We concentrate on B —>■ PP decays, where P is a light pseudoscalar meson. 

Section II gives conventions for meson states, decay amplitudes, CKM matrix ele¬ 
ments, and time-dependent CP asymmetries. Section III is devoted to a parametriza- 
tion of P ^ Ktt amplitudes, allowing for new physics contributions of the most 
general form. Section IV reviews the pattern of rates for B —y Kn and possible ef¬ 
fects of the new parametrization, while Section V is devoted to rate asymmetries in 
these processes. Section VI treats the possible deviation of SKgTT° from its expected 
value of sin 2/3 ~ 0.73. A similar discussion for Sr^/Rs occupies Section VII. The role of 
Bg decays in sorting out some of these questions is mentioned in Section VIII. Section 
IX lists some related puzzles in B —>■ VP and B —>■ VV decays, where U is a vector 
meson. Section X notes some experimental tests for the pattern of deviations from 
the standard picture of 6 —> s penguin-dominated decays. Section XI concludes. 
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II. CONVENTIONS: STATES, AMPLITUDES, ASYMMETRIES 


We use conventions for states defined in Refs. [2] and j3] . Quark model assignments 
are as usual (e.g., = dfo), with the proviso that states with a u quark are 

dehned with a minus sign (e.g., B~ = —bu) for convenience in isospin calculations. 
For a similar reason, a neutral pion is 7r° = (dd — uu)\/2. 

The CKM matrix V is unitary, implying (e.g.) 141 Kd + ^cb^cd + V^lVtd = 0 and 
a similar relation with d ^ s. We shall make use of these relations in dehning 
all amplitudes in terms of two combinations of CKM elements. The unitarity of V 
can be depicted in terms of a triangle with angles a = Arg(—l^^Ud/141^rf)5 = 

Aig{-V;,V^/V,lVu), and 7 = Aig{-V:,V^/VS,V,,). 

We shall dehne a set of reduced matrix elements known as tree, color-suppressed, 
and penguin amplitudes, restricting our attention to strangeness-changing (|AS'| = 1) 
processes. These processes, which were described by primed amplitudes in Ref. |2I, 
will be presented here as unprimed. A tree amplitude, T, and a color-suppressed 
amplitude, C, involve a CKM factor V*^yus-i while a penguin amplitude, P, con¬ 
tains a factor V^^Vts = —V*^Vcs — V^f^Vus = —14fel4s(l + 0{2%)). Color-allowed and 
color-suppressed electroweak penguin amplitudes. Pew and Pew, including a CKM 
factor V^lVts, appear with the tree, color-suppressed, and penguin amplitudes in the 
independent combinations [21, 

t = T + Pew^ c = C + PeW) p = P — -Pew ■ ( 1 ) 

We will neglect exchange and annihilation amplitudes, E and A, which are suppressed 
relative to the dominant P amplitude by ~ 0(10“^) [21 

13]. A small isosinglet penguin-annihilation amplitude, PA, will be absorbed in the 
dehnition of P. Of these three amplitudes only A contributes in P —> Kir, while E 
and PA occur in Bg KK and Bg tttt. 

CP-violating decay asymmetries are dehned as 


Acp{B ^ /) = 


r(p ^ /) - r(p /) 


r(p^/) + r(p 

while CP-averaged decay rates are dehned by 


/) 


( 2 ) 


^ P(P^/)+P(P^/) 


( 3 ) 


For decay to a CP eigenstate /, one can measure time-dependent asymmetry param¬ 
eters Af and Sf which occur in the expression 


P(P°(t)^/)-P(P°(t)^/) 

P(P0(f)^/)+P(P0(f)^/) 


A f cos Amt + Sf sin Amt 


( 4 ) 
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Here Am ~ 0.5 ps“^ is the mass difference between nentral B mass eigenstates, while 
B^{t) or B^{t) denotes a time-evolved state which has been identihed as a B^ or 
B^ at proper time t = 0. One sometimes sees also the notation Cf = —Af. The 
time-integrated rate asymmetry Acp{f) is eqnal to Af. 

III. PARAMETRIZATION OF B ^ Kn DECAY AMPLITUDES 

The fonr B Ktt decay amplitndes may be written in a standard flavor-SU(3) 
decomposition 130 ] as 


A(P+ - 

A°7r+) 

= P , 

(5) 

A(P+ - 

A+7r°) 

= -{p + t + c)/\/2 , 

(6) 

A(P° - 

^ A+vr-) 

= -{p + t) , 

(7) 

A(P° - 

A°7r°) 

= {p-c)/V2 . 

(8) 


They satisfy an isospin snm rnle [Sj 

A(R+ ^ A°7r+) + V2A{B+ A+7r°) = A(R° ^ A+vr") + V2A{B^ A°7r°) (9) 

which is a conseqnence of there being only three independent amplitndes (two with 
= 1/2 and one with /(Avr) = 3/2) to describe the four processes. The linear 
combinations shown are those with /(Att) = 3/2. 

Motivated by early suggestions that the 6 —>• s penguin amplitude was a promising 
source of effects due to new physics 013001 , many modihcations of it have been 
proposed UDI. We shall consider the case of separate new physics operators for b —> 
suu, b —>■ sdd, and b —»• sss transitions, denoted by AP„, APd, and APg, with 
a superscript ('^) to denote those transitions in which members of the light qq = 
uu, dd, ss pair end up in different mesons. These will be seen to resemble electroweak 
penguin terms, though they could arise from a variety of new-physics sources. 

The B ^ Ktt decay amplitudes then may be written in the form of Eqs. 0-® 
with the identifications 


P 

= p-lpiw + ^p^i ■ 

(10) 

t 

= T + Pi^ + ^P^-APi , 

(11) 

c 

= C P Pew + AP„ — AP^^ , 

(12) 


The non-electroweak penguin part of p is identified with APJ, while the amplitudes 
t and c acquire new pieces AP^ — APJ and AP„ — AP^, respectively. Whereas the 
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Table I: CP-averaged branching ratios (in nnits of 10 and CP asymmetries Aqp 
(see Sec. V) for B Kti decays. 


Decay mode 

Branching ratio 

Acp 

P+ - 

A07r+ 

24.1 ± 1.3 

-0.020 ±0.034 

P+ - 

A+vrO 

12.1 ±0.8 

0.04 ±0.04 

po - 

4 A+tt- 

18.2 ±0.8 

-0.109 ±0.019 

po - 


11.5 ± 1.0 

-0.08 ±0.14 


standard model amplitnde P behaves like an isosinglet and is therefore common (np 
to a factor \/2) to all four B Kti decays, this is not necessarily the case for 
the new physics amplitudes which generally obey ^ APj^^. It is convenient 

to classify potential anomalies in P —> Ktt in terms of the new physics amplitudes 
AP^'^]. For instance, the term AP| would show up as a CP asymmetry in B^ —^ Kir^, 
assuming in general that this term involves strong and weak phases which differ from 
those of P — P£^/3. In Sections IV and VI we will give examples for signatures 
characterizing the other three terms. Note that the isospin quadrangle relation o 
of course continues to hold as long as one assumes that new physics is given by 
four-quark b sqq operators implying the absence of AJ > 1 transitions. 

IV. PATTERN OF P ^ Att RATES 

Current averages for branching ratios for P —^ Kti decays m are quoted in Table 
m To compare decay rates one also needs the lifetime ratio r+/ro = r(P’^)/r(P°), 
for which the latest average m is 1.081 ± 0.015. CP-violating asymmetries are also 
quoted for use in Sec. V. 

In the Standard Model the four P ^ Kti amplitudes are dominated by the am¬ 
plitude p. Expanding decay rates in \t/p\ and |c/p|, one observes a simple sum rule 
for P decay rates, which holds to hrst order in these ratios nacsi, 

2F(P+ ^ A+7r°) + 2F(P° ^ A°7r°) = F(P+ ^ A°7r+) + F(P° ^ A+tt”) . (13) 

In terms of specihc contributions, this reads 

2|p|2 + 2Re(pV) + |t|2 + 2|c|2 + 2Re(cV) = 2|p|2 + 2Re(pV) + |t|2 . (14) 

A similar sum rule holds for P decay rates and for CP-averaged rates. Thus, 

2P(P+ ^ A+7r°) + 2—P(P° ^ A°7r°) = P(P+ ^ A°7r+) + —P(P° ^ A+vr") , 

A A 

(15) 
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where B denotes a CP-averaged branching ratio. Using experimental valnes for 
branching ratios and for the lifetime ratio, this snm rule reads in units of 10“® 

(24.2 ±1.6) +(24.9 ± 2.2) = (24.1 ±1.3)+ (19.7 ±0.9) , (16) 

or 

49.1 + 2.7 = 43.8 + 1.6 . (17) 

The two sides differ by 5.3 ± 3.1, or (12 + 7)% of the better known right-hand-side. 
This fraction is given to leading order by second order terms, Re(c*(c + t))/\p\‘^, where 
an average is taken over B and B contributions. Typical estimates of these terms 
(see, e.g., dl) in the Standard Model limit them to no more than a few percent. 
Fits based on flavor SU(3) [THl ITT)] predict branching ratios satisfying Eq. m more 
accurately, obtaining a slightly smaller value of B{B^ —>■ K^ir^) than observed due to 
destructive interference between the two dominant terms contributing to this process, 
(P — \Pew )/and —Pew/^/^- 

An equivalent approach to the sum rule can be presented in terms of an equality 
between two ratios of CP-averaged branching ratios (equivalently, of decay rates) 
dehned as HH 

„ _ 2B(B* ^ „ _ B(B° ^ K+tt-) 

° ^ B{B+ ^ A'%+) ’ ^ 2B(B» ^ ' ' 

The experimental values are 

Re = 1-00 ±0.09 , R„ = 0.79 ±0.08 , Re - Rn = 0.21 ± 0.12 . (19) 

Expanding Re and Rn in ratios t/p,c/p and their charge conjugates, one can show 
that the difference Re — Rn is quadratic in these ratios. Attention has been called 
[IB [El GDI EH to the fact that if the difference Re — Rn is maintained with improved 
statistics this could signal new physics. 

In the absence of differences between penguin terms AR^ and AR^ or AR^ and 
^P^, one would most naturally ascribe a large term of the form Re(c*(c ± f))/|pp 
to color-favored electroweak penguin terms [221 of magnitude larger than expected. 
The point we wish to stress here is that any four-quark operator which contributes 
to APu — APd will emulate the color-allowed electroweak penguin Pew in Eq. m, 
while any four-quark operator which contributes to AR^ — AR| will emulate Pew 
in Eq. (HH). Thus, both c and t can receive contributions from new physics aside 
from enhanced electroweak penguins as long as 6 —>• sqq operators produce uu pairs 
differently from dd pairs. 
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It is interesting to note, as has been pointed ont 122], that the Fleischer-Mannel 
ratio 


T{B^ K+tt 

R = 


is cnrrently 


T{B+^ K^Tr+) ’ 
/? = 0.816 ±0.058 , 


( 20 ) 

( 21 ) 


differing from 1 by 3.2a. At 95% confidence level R < 0.911. Neglecting terms, 
this would lead through the Fleischer-Mannel bound sin^ 7 < i? to an upper limit 
7 < 73°. 

However, as we mention in the next Section, P^w C are not much suppressed 
relative to Pew and T, respectively, as has been customarily assumed. Including the 
Pew tGi'ni, the Fleischer-Mannel bound becomes 122) 


sin 7 < 


R 


1 ~ \Pi 


3 -* EW) 


pc 

^EW I 

P ' 


'R 


( 22 ) 


The effect on the bound depends on the magnitude of P^w/P) which is typically a 
few percent, and on the phase of this ratio. Using, for instance. Fit III in ra based 
on SU(3), one finds central values |Pg^y/P| = 0.044, Arg(P|.^/P) = —69°, implying 
sin ^7 < 0.97P < 0.884, or 7 < 70°. This upper bound is consistent with other 
Standard Model constraints on 7 I2nii2i|. A potential inconsistency would have been 
ascribed to AP° or AP^, which occur in p ± f and p, respectively. 


V. RATE ASYMMETRIES IN B ^ Ktt 


The penguin dominance of the B Kti decay amplitudes was used in Ref. |T2| to 
derive in the Standard Model a relation between direct CP-violating rate differences 
in various B —y Kn processes. The simplest of these was based on assuming that the 
only important amplitude interfering with p was t, in which case the relation 

A(A+7r-) ~ 2A(A:+7r°) (23) 

was obtained. Here 

A(A+7r-) = F(P° ^ A+vr-) - F(P° ^ A:-7r+) , (24) 

A(A+7r°) = F(P+ ^ A+7r°) - F(P" ^ A“7r°) , (25) 

with similar definitions for A(A‘^ 7 r’'') and A{K^7i^). These rate asymmetries are 
related to the CP asymmetries as defined in Sec. H by A(/) = —2Acp{f)T'{f), where 
the CP-averaged rate f (/) was defined in Sec. H. 
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( 26 ) 


Since ) Ri 2V{K^'k^), the relation (|^ reduces to the prediction 

Acp{B^ K+n-) ~ Acp{B+ K+n^) , 

which is rather far from what is observed. According to the averages in Table QJ the 
left-hand side of Eq. (1^ is —0.11 ± 0.02, while the right-hand side is 0.04 ± 0.04. 
The two sides thus differ by more than 3 ct. Is this a problem? Does this indicate 
isospin-violating new physics |28j ? 

As in Ref. IQ, we dehne 2PT to be the interference between P and T contributing 
to the rate difference A(A'+7r“), with similar notations for other interference terms 


differences. One 

then Ends ^2] that 


A(A°7r+) 

~ 0 , 

(27) 

A(A+7r°) 

~ pf+PC+{PEw + \pi:w){T + C) , 

(28) 

A(A:+7r-) 

= 2Pf+^pc^f , 

(29) 

A(A:°7r°) 

= -PC + PewC P^PI^^C . 

(30) 


The only interference terms which contribute to direct CP-violating rate differences 
are those which have differing weak and strong phases. Thus one sees no interference 
between C and T or between electroweak penguin terms and P. 

The relation (121 was derived by neglecting all terms in the rate differences except 
PT. An argument was given for the relative smallness of the term PC under the 
assumption that |C'/T| = (9(1/5). Recent hts based on flavor SU(3) [121 123 IH3 
indicate that |C'/T| is more like 0.7 to 0.9 (quoting the results of hts in [T2] which 
include processes involving i] and r]' as well as kaons and pions; \C/T\ is even larger 
in a ht studying only B ^ Kn EDI), Also, arguments based on a Soft Collinear 
Effective Theory HEIl show that C and T are comparable. In this case an improved 
relation based on similar reasoning retains the PC term and is 

A(A'+7r-) 2A(A:+7r°) + 2A(A:°7r°) . (31) 

This relation ignores terms on the right-hand side which can be written as 

{PEw + Pl:w)iT + C) + {PEwC-PI,,^f)^0 . (32) 

An argument for the smallness of the hrst term was given in ^2] using a property 
of the I{K7i) = 3/2 amplitude, (T + C) + {Pew + Pew)^ which the two terms 
involve approximately a common strong phase IQ. The second term in (|S21) vanishes 


approximately due to a relation P^w/Pew ^ C/T jHS]- Both approximations follow 
from flavor SU(3) when neglecting electroweak penguin operators with small Wilson 
coefficients (cy and cg). 

Using the approximate relations ~ 2T{K^'k^) ~ Eq. (13111 

may be transcribed as 

Acp{K+e-) ^ Acp{K^e^) + Acp{K\^) , (33) 

which reads, according to Table HI as 

- 0.109 ±0.019 ^ (0.04 ±0.04) + (-0.08 ±0.14) . (34) 

Another way to put this relation is that Acp{K^n^) is predicted to be —0.15 ± 0.04, 
i.e., non-zero at a level greater than 3a. A more precise prediction, using the measured 
rates of the above three processes, is Acp(A'°7r°) = —0.13 ± 0.04. CPT requires 
that the overall direct CP asymmetry vanishes in eigenstates of the strong S matrix. 
Our prediction excludes the possibility that the asymmetry in ^ K^ir^ alone 
compensates for the observed asymmetry in K^tt~ |33]. The two asymmetries 

are predicted to have equal signs. 

In Ref. jSnj we noted a relation between CP rate-differences, which holds in the 
limit of SU(3) when neglecting annihilation-like amplitudes [E + PA) in B^ 

A(7r°7r°) = -A(A:°7r°) , (35) 

or 

Acp(tt it ) = - Acp{K ir ) . (36) 

Using our prediction, Acp{K^7r^) = —0.13 ± 0.04, and the two branching ratios jllj . 
i3(R0 ^ = (11.5 ± 1.0) X 10-6, B{B^ = (1.45 ± 0.29) x lO"®, we find 

Acp(7rV) = ±1.0 ± 0.4 . (37) 

This large and positive value should be compared with the current world-averaged 
value HD, Acp{e^e^) = ±0.28 ± 0.39. It would be interesting to watch the decrease 
of experimental errors in order to learn the effects of SU(3) breaking corrections and 
annihilation-like amplitudes. 

VI. DEVIATIONS OF Sk^ FROM ITS NOMINAL VALUE 

The dominance of the b ^ s penguin amplitude in B^ implies that the 

parameter Sk-k = Sks-h-o should be very close to the value sin(2/3) expected from 
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Table II: Time-dependent CP asymmetry parameters for 


Parameter 

BaBar [HZ| 

Belle |HH! 

Average 

Sktt 

0.357^:^^ ± 0.04 

0.32 ±0.61 ±0.13 

U-'J‘y:-0.29 

■^Ktv 

-0.06 ±0.18 ±0.03 

-0.11 ±0.20 ±0.09 

-0.08 ±0.14 


interference between mixing and B^ decay alone. One has 


Sktt = 


2ImA 


Ktt 


|A 


Kn\ 


+1 


.T 77- 


|A 


Kit] 


where 




^Ktt — ^ 


I ^Ktt I 

ipOyrO) 


+ 1 


(38) 


(39) 


A{B^ KH^) ■ 

Rewriting Eq. (jH)) for A{B^ —^ in terms of two contributions Ap and Ac 

involving CKM factors V^fjVcs and V*jjVus, respectively, and a relative strong phase 6, 


A{B^ ^ = Ap + Ac = \Ap\e^^ + lAcle^'^ , (40) 

where 

Ap = {P- Pew - ^Pew)/^ , Ale = -C/V2 , (41) 

one obtains to hrst order in \Ac/Ap\ [HT)] 


AS'i^.n-= sin2/3 ~ 2|74e/Ap| cos2/3cos5sin7 , Ak-k —Ac/Ap\sm.5. 

(42) 

With the help of information on the > vr^vr^ decay rate and an upper limit on 
B{B^ —>• K^K~), it was found (using flavor SU(3)) that IHHI 

-0.11 < < 0.12 , |Ali^^|<0.17 , (43) 

under the assumption that A{B^ K^K~) could be neglected, or 


- 0.18 < /ASk^ < 0.16 , \Aktt\ < 0.26 , (44) 

when taking into account a possible non-zero amplitude for B^ K^K~. [These 
constraints are modihed slightly by recent updates of B{B^ and B{B^ 

7r°7r°) mi-] Under the hrst, more restrictive, assumption one could actually exclude 
a small elliptical region in the Sktt, ^Ktt plane with center at (0.76, 0) and semi-axes 
(0.06,0.08). Our prediction of a negative direct asymmetry is consistent with 
these bounds and implies sin 5 > 0. 
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Table III: Time-dependent CP asymmetry parameters for ti'Ks- Errors on 

averages include scale factor S = a/^. 


Parameter 

BaBar 

Belle [2H1 

R 

Average 

Srf'K 

0.30 ±0.14 ±0.02 

0.65 ±0.18 ±0.04 

1.51 

0.43 ±0.17 

Arj'K 

0.21 ±0.10 ±0.02 

-0.19 ±0.11 ±0.05 

2.53 

0.04 ±0.20 


The current experimental situation for measurements of Sk-w and Ak-k is summa¬ 
rized in Table HH The observed ASktt = —O.SQlolg differs from zero by lAa. If 
one were to ascribe this difference to non-standard behavior of the b —> sqq penguin 
amplitude, one would have to blame the amplitude APJ or AP„ — AP^, modifying 
respectively the p or c amplitude. At this point, however, it is clearly premature to 
speculate on such modifications. 

A flavor SU(3) £t to P —> PP amplitudes [T3] predicts a positive ASxn — O.liO.Ol 
as well as a negative Axn — —0.12 ± 0.03. The latter prediction is in accord with the 
discussion of the previous section. The sign of the former may be understood from 
the following qualitative argument. In SU(3) fits the two terms, p = P — \Pew 
Pew^ are found to involve a relative strong phase smaller than tt and thus interfere 
destructively in Ap. To account for the somewhat large measured CP-averaged rate 
of P° —which is equal to half the rate of given by p alone, this 

requires constructive interference between Ap and Ac in the CP-averaged rate for 
P° ^ This implies cos 5 > 0 and consequently ASk-k > 0. 

VII. DEVIATIONS OF Sr,'Ks FROM ITS NOMINAL VALUE 

The experimental situation with regard to the time-dependent parameter Sn'K for 
P° —^ rj'K^ is not clear. The BaBar Collaboration sees a significant deviation from 
the standard picture prediction of sin 2/3 ~ 0.73, while Belle’s value is consistent with 
the standard picture. The values of Sr^/x and Aj^/k and their averages are summarized 
in Table Hill Here, in view of the discrepancy between Belle and BaBar values, we 
have multiplied the error (as quoted in Ref. CH) by a scale factor S = \/^, where 

is the value for the best £t to the BaBar and Belle values. 

The average value of is consistent with zero, while Srj'K differs from sin 2/3 = 
0.726A0.037 by ASjj'k = —0.30±0.17, or 1.76cr. In contrast to the case of P° —^ 
there are a wide range of possible contributors to new physics in 6 —»• sqq amplitudes. 
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In the flavor-SU(3) decomposition of Ref. jin] the amplitude for r]'K^ is 

^ = (3p + 4s + c)/\/6 , (45) 

where s denotes a singlet penguin amplitude contributing mainly to t]' production. It 
is expressed in terms of a genuine singlet-penguin term S and an electroweak penguin 
correction Pew as s = S' — {1/?>)Pew- New-physics contributions for h suit or 
b —>■ sss can enter into the s and c amplitudes, while those for b —>■ sdd can enter 
into all three amplitudes. Thus, it becomes particularly hard to identify the source 
of new physics if the only deviation from the standard prediction for S is that seen 
in RO ^ iK^. 

A question arises as to the accuracy with which the standard picture can predict 
ASrj'K and A^j/k- We have addressed this in two ways in previous work. (1) In Ref. 
jlH] we used flavor SU(3) (or only its U-spin subgroup |1III12|) to bound the effects 
of non-penguin amplitudes which could give rise to non-zero ASjj'k and ( 2 ) In 

Ref. Plj we performed a £t to a wide variety of R —> PP processes based on flavor 

SU(3), obtaining predictions for these quantities 

^ 0.02 ± 0.01 , ^ 0.06 ± 0.02 . (46) 

Other explicit calculations (see, e.g., |431 also obtain such very small values in 

the standard picture. 

While it is difficult to estimate the deviations from Eq. (14611 that might cause us 
to question the standard picture, one can at least give a range of such deviations 
that would not be a cause for immediate concern. Proceeding in the same manner 
as for R° —in the previous section, we decompose the amplitude for 
rj'K^ into two terms Ap and Ac (dropping primes in comparison with Ref. |4()j ) 
involving intrinsic CKM factors and V*jjVus, and strong and weak phases 6 and 

7 , respectively: 

A(R0 ^ r]'K^) =Ap + Ac= \Ap\P^ + \Ac\P'^ . (47) 

First order expressions for AStj'k and A^jik are the same as in R° — 

ASrj/K = Sn'K—ArL2P ^ 2\Ac/Ap\cos2j3cos6sm'j , A^i'k ^—'^\AclAp\sm5 

(48) 

The predictions of Ref. [Hj that ASn'K > 0, A^i'k > 0 do not seem to have 
a simple interpretation, in contrast to that for the sign of ASk-k in the previous 
section, since strong phases of several small amplitudes are involved. Nonetheless, all 
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Figure 1: Regions in the Srj>K, Arj'K plane satisfying updated limits based on the last 
line in Table HVl Solid curve: limits based on flavor SU(3) without neglect of spectator 
amplitudes; dashed curve: limits with spectator amplitudes neglected. Plotted open 
point: {Srf'K, A^i'k) = (0.726,0). Point labeled x: central value of a prediction in 
Ref. [T3]. The dotted ellipse passing through this point denotes the range of values 
of Srj'K, Arj'K ln which Only the strong phase 6 varies. 



the terms in Eq. ()48|1 with the exception of 6 may be considered to be fairly stable in 
the SU(3) £t, so that a crude estimate of possible deviations would be to let 6 range 
through all possible values, thereby tracing an ellipse (shown as the dotted curve in 
Fig. P) passing through the point Indeed, we would regard any measurement 

lying within this ellipse as providing little challenge to the standard picture, given the 
rudimentary nature of our understanding of strong phases. 

A more conservative estimate of eventual limits of the standard picture for ASrj'K 
and Arj'K rnay be obtained by improving the bounds set in Ref. jlHl using anticipated 
rather than current upper bounds on strangeness-conserving decays to various final 
states consisting of neutral particles. In Table IIVI we compare current bounds m 
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Table IV: Comparison of current and anticipated 90% c.l. upper limits on branching 
ratios (in units of 10“®) for decays to final states conisisting of pairs of neutral 
particles which may be used to place correlated bounds on and 


Mode 

O 

o 


TT^T]' 

rjri 

rj'r}' 

Tjfj' 

Current 

1.45 ±0.29 

2.5 

3.7 

2.0 

10 

4.6 

Anticipated 

1.8 

1.5 

1.6 

2.0 

1.2 

3.3 


(mostly used in Ref. 110]) with those that could be set if the data respected 90% c.l. 
upper limits of the predictions in the flavor SU(3) fits of Ref. ^0] . 

Using the last line in Table ITVI and the current central value [TT] EOj for the 
branching ratio B{B^ —> rj'K^) = 68.6 x 10“®, we hnd a modest improvement in the 
bounds of Ref. [101 . The resulting constraints are illustrated in Fig. [T] The dashed 
curve denotes SU(3) bounds in which annihilation-like amplitudes were neglected 
121 HI as in the discussion of B ^ Kn. In that case the previously-excluded ellipse 
was centered at (0.74,0) with semi-axes (0.12,0.18). With the new inputs the semi¬ 
axes shrink to (0.09,0.12). Values of Sn'K less than 0.65 would cause us hrst of all 
to question the neglect of annihilation-like amplitudes involving the spectator quark. 
The absence of a detectable rate for R® — K^K~ nn, indicating a low level of 
rescattering from other states [ISj, and a theoretical argument presented in j3| are 
the best justihcations for their omission. 

To be very conservative, we also present bounds without neglecting annihilation- 
like amplitudes. For this case, we found in jlHI values of Ari'K conhned roughly 
to an ellipse with center at (0.71,0) and semi-axes (0.22,0.33). With the new inputs 
we now hnd this ellipse (solid curve in Fig. [T|) to be centered at (0.73, 0) with semi¬ 
axes (0.14, 0.20). The lower bound on Sr^'K thus becomes 0.59. If the central value of 
the present average remains at 0.43 and the error is reduced to ±0.05, the standard 
picture will be in trouble. This situation is probably some distance in the future. 

VIII. THE ROLE OF R, DECAYS 

A number of decays of strange R’s (R^ = hs) can be related to those of non-strange 
R’s using havor SU(3). In particular, its U-spin subgroup involving the interchange 
d ^ s relates CP rate differences in strangeness conserving and strangeness changing 
decays of R® and Bg mesons jlHl IHl 1^1^ . A few examples are 

A(R, ^ K+K-) = -A(R° ^ 7r+7r“) , (49) 
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(50) 

(51) 


A(B, ^ K-71^) = -A(5° ^ , 

A{Bs K%°) = -A(5° ^ . 

Gross violation of these relations, beyond corrections anticipated from SU(3) break¬ 
ing, would indicate new physics in 5 —>■ s transitions. As pointed out in [Hj, new 
physics contributions in these transitions are often accompanied by anomalous con¬ 
tributions to Bg — Bg mixing, thereby affecting the Bg mass-difference and time- 
dependent decays of Bg meson. A well-known example is the time-dependent CP 
asymmetry in Bg K^K~ which is related in the Standard Model to the phase 7 
gniEni. These measurements would therefore provide complementary information 
about potential new-physics operators. 

Considering only strangeness changing decays, any anomalous behavior in 6 —s 
penguin amplitudes should show up in Bg decays as well as in non-strange B decays. 
Two of the simplest SU(3) relations, neglecting phase space and form factor differences 
and small amplitudes involving the spectator quark, are jlHI 

T{Bg^ K+R-) = + = r(5° ^ AT+vr-) , (52) 

T{Bg R^R^) = |p|2 = r(5+ ^ R\^) . (53) 

These predictions are also obtained in the flavor-SU(3) description of a wide variety 
of B^, B^, and Bg decays in Ref. The first relation becomes a prediction for 

an approximate equality of branching ratios under the assumption of equal lifetimes 
for Bg and B^, which is consistent with present data m- It is not particularly 
well-obeyed since m 

B{Bg^ R+R-) = {34.3 ± 5.5 ±5.1) xW-^ , (54) 

to be compared with the world average in Table IH 

;B(R° ^ R+tt-) = (18.2 ± 0.8) x 10"® . (55) 

If penguin amplitudes factorize, one may parametrize SU(3) breaking in terms of a 
ratio /F^'^ of form factors. The Bg decay rate could be enhanced to the value 
(El if this ratio were about 1.4. Such a large value was obtained in a calculation 
based on QCD sum rules El. The result dMD is still preliminary, and is based on 
a £t involving several contributions. It will be interesting to see if the value dSD 
persists with improved statistics and better particle identihcation capabilities. No 
results have been presented yet for Bg —^ R^R^, which is difficult to detect in a 
hadronic production environment. 


15 


Table V: Time-dependent CP asymmetry parameters for > (t)Ks- Errors on 
averages include scale factor S = 


Parameter 

BaBar jSSl 

Belle j2Hl 


Average 

S<pK 

0.50 ± 0.257^:^^ 

0.08 ±0.33 ±0.09 

1.03 

0.35 ±0.21 

A,pK 

0.00 ±0.23 ±0.05 

0.08 ±0.22 ±0.09 

< 1 

0.04 ±0.17 


The flavor-SU(3) fit of Ref. predicts branching ratios below 10“^, for Bs —>■ 
'K^{rii r]'), and large branching ratios of around 56 x 10“® and 23 x 10“® for Bg 
and Bg —> rjrj', respectively, partly as a result of a large singlet penguin contribution. 
The rates for Bg —>■ 7r^{ri,ri') could be affected substantially by new physics mas¬ 
querading as an electroweak penguin. Measurement of the Bg —>■ rj'rj' and Bg rjrj' 
branching ratios could help resolve the question of whether the enhanced rate for 
B Kr]' decays is due in part to a singlet penguin contribution or whether 
conventional penguin contributions suffice I54j . 

IX. RELATED PUZZLES INVOLVING VECTOR MESONS 
A. The parameter S^Ks 

The time-dependent asymmetry parameter S^Ks ‘pKs differs from the 

standard prediction of ~ 0.73 by about l.Sa, as shown in Table IVl This decay mode 
was one which was deemed promising for manifestation of new physics in 6 —> s 
penguin amplitudes well before any measurements were made [7j. 

The penguin amplitude contributing to is exclusively a 6 —> sss term. Both 
color-suppressed and color-favored matrix elements of this operator can contribute. 
Thus, this process becomes particularly worth while for identifying a specific four- 
quark operator in which new physics is appearing. Nonetheless, since the discrepancy 
with the standard picture is less than 2cr, speculation again seems premature. 

A mo del-independent approach to studying an anomaly in B^ (pKs was pre¬ 
sented in using flavor SU(3) to normalize the amplitude of this process by the 
penguin amplitude dominating B~^ —> K*^7r^. Explicit models of the space-time 
structure of new four-quark operators for b —> sqq usi will in general treat B ^ VP 
decays (such as B^ —>■ (pKs) differently from the B —>■ PP decays which have oc¬ 
cupied the bulk of our discussion. This should be borne in mind when discussing 
possible deviations from the standard model in processes dominated by 6 —> s pen¬ 
guin amplitudes. This is in addition to any differences associated with the flavor q 
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in 6 —> sqq amplitudes. Thus, it is dangerous to quote average values of S'/ when 
discussing different dual states /. 

B. Helicity structure in 

The b —>■ s penguin amplitude (again, with Lorentz structure possibly different 
from that in i? —> PP or B —>■ VP decays) is expected to dominate the process 

—>■ (pK*^ . In contrast, several other processes with large branching ratios such as 
B^ p'^p~ and B^ —>• p^p^ are expected to be dominated by the tree amplitude. 
In these, the vector mesons appear to be almost totally longitudinally polarized lEZI, 
while the longitudinal fraction in B^ —> appears to be more like 1/2 IHH]- Some 

authors (see., e.g.. Ref. jSni) have cited this circumstance as further evidence for the 
anomalous behavior of the penguin amplitude. 

We see no reason why the penguin amplitude should have the same space-time 
structure as the tree amplitude. If, for example, it is an effective operator driven 
partly by rescattering from charm-anticharm states, as suggested in Ref. [SUl 1^ . 
its space-time properties may be governed largely by long-distance physics, and not 
amenable to the usual arguments based on Fierz rearrangement oi a.V — A current. 

X. FUTURE EXPERIMENTAL TESTS 

It has sometimes been noted (see, e.g.. Refs. [nii23in2]) that processes dominated 
by 6 — >• s penguin amplitudes give an effective average Sf value of about 0.4 ± 0.1, 
to be contrasted with the Standard Model expectation of sin 2/3 ~ 0.73. We regard 
this viewpoint as dangerous for three reasons. (1) It does not take account of the 
discrepancies between the BaBar and Belle determinations of S'/ for several cases, 
including that of p'Ks mentioned above as well as A5/o(980), where /o(980) —>• 
TTTT [HHl inn] , and KsKsKs |E1| • When these discrepancies are taken into account and 
the errors on experimental averages are multiplied by an appropriate scale factor, 
the signihcance of the deviation becomes less. (2) The several processes dominated 
by a 6 —> s penguin amplitude involve small but different terms proportional to 
v:,Vus This implies ab initio different nonzero values for AS'/ and 

Af for different hnal states /. (3) As we have pointed out, the penguin operators for 
b —>■ suu, b —>■ sdd, and b —> sss may differ from one another, both in their instrinsic 
strengths and in their matrix elements between states of different spins. How would 
one sort out this situation? 

Our hrst suggestion is to concentrate on processes for which the interpretation is 
as clean as possible. Thus, B^ K^ir^ appears considerably simpler to interpret in 
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terms of specific contributions than v'^s, for which even the interpretation of 

the decay rate itself has been the subject of controversy. (See, e.g., a discussion in Ref. 
ng). Pinning down the value of Sktt is a hrst priority. Lowering the experimental 
upper limit on K^K~) may soon imply Sk-k 7 ^ sin2/3, consistent with our 

prediction (El of a nonzero (negative) direct asymmetry Ax-k- Testing the sum rule 
dn, or determining whether Rn differs from Rc by a signihcant amount, obviously 
has high priority. 

Our second suggestion regards the measurement of decay modes listed in Table HVl 
Improvement on the upper bounds listed there to the level of bounds anticipated from 
SU(3) hts will not only help sharpen bounds on Sn'K-, but may uncover additional 
unanticipated contributions to amplitudes or shortcomings of the flavor SU(3) hts. 

A third suggestion regards conhrmation of the patterns of tree-penguin interfer¬ 
ence seen in non-strange B decays using Bs decays. There are several Bg decays 
related via U-spin to B^ decays, as noted in Section VIII. Study of Bg decays will 
also be helpful in identifying the source of the enhanced rate for B rj'K. 

A fourth suggestion is to continue the study of R —>■ VV modes which has begun 
so auspiciously with the study of such decays as B ^ pp, B —>• 0iP*, B —> pK*, and 
even Bg —> 0(/). Information on these modes is approaching the stage that will permit 
analyses based on havor SU(3) analogous to those performed for B PP [TH] and 
B ^ VP inni decays. Relations among amplitudes have to be analyzed separately 
for each helicity state, so it does not suffice to have rate information alone. 

XI. SUMMARY AND CONCLUSIONS 

We have discussed several B meson decay processes governed by the b —>■ s pen¬ 
guin amplitude, concentrating on processes with two light pesudoscalar mesons P 
in the hnal state. Although several indications appear for anomalous behavior, in¬ 
cluding the rate and time-dependent asymmetry parameter S for B^ K^tt^ and 
the corresponding parameter S for B^ —>■ no deviations of more than 2a from 

the standard model expectations have been identihed yet. We have indicated several 
ways in which experimental searches for this anomalous behavior can be sharpened. 
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